The branched spike introduced from T. turgidum in common wheat was controlled by two recessive genes (sb1 and sb2). The effect of specific sb on the development and spike characters can be accurately determined by using isogenic lines (NILs), which, however, were not usually available. In this study, four genotypes having different combinations of the two sb genes with a common genetic background cv. Taishan were produced by continuous backcrossing and determined by crossing and test-crossing. The four NILs included one line with branched spike, DR (sb1sb1 sb2sb2), and three lines with normal spike, SR1 (sb1sb1 Sb2Sb2), SR2 (Sb1Sb1 sb2sb2), and DD (Sb1Sb1 Sb2Sb2). These NILs were grown during two growing seasons (2008-2009 and 2009-2010) to investigate the effects of sb genes on agronomic and spike characters. The results showed that SR1 postponed significantly the days to heading and the days to anthesis, and SR2 decreased significantly grain number by reducing the fertile floret in a spike. DR not only displayed the branched spike but also had great effects on agronomic and spike characters. In DR, the days to maturate was significantly postponed, and the number of fertile floret and grain number increased in a spike, but the grain set reduced significantly. This indicated the sb combinations have different effects on the agronomic and spike characters. This research made foundation for analyses of mechanisms of branched spike formation and associated properties in hexaploid wheat in future.
Introduction
The main components of wheat yield are the spike number per unit land area, the number of grains per spike, and the average weight of those grains. Branched spike Wheat (BSW) (Triticum aestivum) has a main rachis as normal common wheat, but it bears extended branched rachides at main rachis node. Spikelets are borne on branched rachides and thus a branched spike might offer more possibility for spikelet than a normal spike. This kind of wheat has potential to increase greatly the productivity of the crop (Koric, 1969; Li et al., 2000) .
About twenty years ago (1993), Fen33, a BSW cultivar with the spike of T. turgidum was released in some northern western China wheat zones. It was selected from interspecies hybridization of T. turgidum × T. aestivum. Its branched spike character was derived from T. turgidum, and stability of branched spike character of Fen33 was similar with T. turgidum in different cultivate environments (Yuan et al, 1995) . The branched spike character in Fen33 was controlled by two recessive genes and affected by some modifying genes (Zhao et al, 2009 ).
It had been demonstrated that the two spike branching genes (sb) in Fen33 were located at 2A and 2D chromosome respectively (Yan et al., 2007) . One was located between SSR markers gwm372 and wmc502 on 2A, and another was located between SSR markers gwm484 and gwm102.
However, very little research has been focused on effects of different sb combinations on the agronomic traits in hexaploid wheat, and this could be due to the lack of suitable materials. The present study was conducted with the aims of producing four possible genotypes of NILs having different sb combinations and characterizing initially their field performances and main spike properties. These results might be helpful for further accurate analyses of mechanisms on branched spike formation and associated agronomic properties.
Materials and Methods

Materials
Fen33 as non recurrent parent and sb genes donor, and Taishan as recurrent parent were used in construction of backcross populations. In China, Fen33 with branched spike was released in Northwestern wheat zone in 1993, and Taishan with normal spike was an elite cultivar from Huanghuai Wheat zone.
Four NILs with different sb gene combinations from a BC population were used in agronomy and spike investigation. These NILs included that DR (double recessive, sb1sb1 sb2sb2) with branched spike and DD (double dominant, Sb1Sb1 Sb2Sb2), SR1 (single recessive 1, Sb1Sb1 sb2sb2) and SR2 (single recessive 2, sb1sb1 Sb2Sb2) with normal spike. Fen33 and Taishan were also grown as check in the fields.
All experiments were conducted at the Experimental Farm for Cereal Research in Agronomy College of Taian, and Shandong Agricultural University. The development of NILs began from 1996 and the agronomic and spike characters of the NILs were investigated during two growing seasons (2008-2009 and 2009-2010) .
Development of NILs Carrying Different sb Combinations
The NILs were developed as early as 1996. The NILs development route in our research roughly included 3 steps: (1) Obtaining BC populations by successive backcrosses and DR lines were determined in the BC 6 F 4 population; (2) Obtaining SR1, SR2 and DD lines by crosses among BC 6 F 4 lines within normal spike in diallel hybridization; (3) Determining unambiguously SR1, SR2 and DD by test crossing with DR lines. However, in our practical operations, many crosses in step 2 and step 3 were performed at mean time. In the BC 6 F 4 population, lines with normal spike diallel-crossed and they were test-crossed with DR to determinate their genotypes. The normal spike lines with different sb combinations were obtained in BC 6 F 5 to BC 6 F 8 populations. This development procedure increased greatly workload but speed up the development of the set of NILs.
Agronomic and Spike Characters Experiments
In 2008, sufficient seeds of the four NILs were available for a field test at one location. The test was a randomized complete block design (RCBD) with four replications of four-row plots. The plots were 2.50 m long with 30.5 cm between rows and plots. In all experiments, plots were irrigated to complement natural rainfall during the whole growing season to avoid water stress. Urea was applied both at sowing (50 kg N ha -1 ) and at tillering (30 kg N ha -1 ). Fungicides and insecticides were sprayed to prevent diseases and insect damage, and weeds were manually removed throughout the growing season.
From seedling emergence to maturity, experimental units were monitored regularly to determine the timing of terminal heading, anthesis and maturity (Zadoks et al., 1974) . The timing of heading, anthesis and maturity were visually determined when 50% plants per experimental unit had reached these stages. Plant height from the soil surface to the base of the spike was measured on five main shoots per experimental unit at maturity.
The number of fertile florets in main shoot spikes was determined at anthesis and the numerical yield components of grains per spike and spikelets per spike were determined at maturity. A floret was considered to be fertile when male and female reproductive organs had developed green anthers and bifidum stigma, respectively (Waddington et al., 1983) . Grain set was the proportion of fertile florets setting a grain in main shoot spikes. The entire mature spike in each spot was harvested by hand and the yields were measured. The seed of all four replicates for each entry were weighted per 1000 kernels.
Statistic al Analysis
All experimental data were subjected to analysis of variance (ANOVA) using SPSS, version 19.0 (SPSS, 2010) . Mean values were compared by the LSD method or Duncan's multiple range test at the 5% level.
Results and Discussion
Development of NILs Carrying Different sb Combinations
A set of NILs with Taishan as the recurrent parent were obtained and the general produce process was shown in Figure 1 .
Branched spike wheat lines fen33 was crossed with normal spike wheat cv. Taishan. In a BC 6 F 2 population from one BC 6 F 1 plant, 18 lines with branched spike appeared and all the 302 lines were assigned serial numbers. The corresponding BC 6 F 4 lines were obtained by a single seed descent. All these lines could be regarded as NILs. In the BC 6 F 4 population, 75 lines had branched spike, and they were DR plants. In the BC 6 F 4 population, 12 lines with normal spike crossed in incomplete diallel design and test-crossed with one DR line at mean time. The following F 2 and F t plants were planted in respective bulk plot for each cross. Following the progeny's segregation rate, a set of NILs with normal spike carrying different sb genes were obtained unambiguously. They included 2 lines of SR1, 3 lines of SR2, and 2 lines of DD. One line from each genotype group was selected as experiments' materials in following field researches.
Branched spike is the main selection criterion in this research. However, branched rachides length varied greatly in BC populations. The lengths of branched rachides in some lines were very short, and it seemed that several "florets" were clustered together. Based on pairs of lemma, it could be seen that they were spikelets, not florets, attached at a branched rachis node. In these selections, this kind of branched spikes could be included in statistics, but they would not be used for backcrosses with recurrent parents.
Generally, it is difficult to construct a BC population with a character controlled by multiple genes, especially when the control genes are recessive genes. In order to accelerate the construction of BC populations, backcross and self cross were conducted simultaneously in BC n F 1 generation, and the spike phenotypes in BC n F 2 determined if the BC n+1 F 1 could be used for next backcross. In this research, no less than 10 spikes from different BC n F 1 lines were selected for backcross and self cross. The spikes in a line were divided into 2 samples, one sample (2-3 spikes) was backcrossed with the recurrent parent to obtain BC n+1 F 1 and the second sample was selfcrossed to obtain BC n F 2 . The BC n+1 F 1 and BC n F 2 populations from the same line were planted in the field simultaneously. If wheat lines with branched spike existed in a BC n F 2 population, the corresponding original BC n F 1 plants might be heterozygous at the both sb gene loci. The corresponding BC n+1 F 1 line might also have possibility to be heterozygous at both sb loci and the plants from this population could be used for subsequent backcross. Otherwise, if no branched spike lines were found in BC n F 2 , the corresponding BC n F 1 plants might be heterozygous at only one sb locus or homozygous with no sb genes at both loci. Its corresponding BC n+1 F 1 plants were discarded and not used for next backcross.
Conventional methods were used in the development of NILs in this research, including successive backcrosses and phenotypic identification in each BC generation. Tedious work in the field was necessary in this process. At present time, the development of molecular mark assisted selection has becoming a useful tool in recessive gene-controlling phenotype identification, such as in common wheat (Samsampour et al., 2010) , leaf mustard (Yan et al., 2009) , and soybean (Seversike et al., 2008) . Molecular efficient linkage marker should be useful for identifying the normal spike lines with sb genes. At the later time of the NIL development, Yan (2007) reported that the sb genes were respectively linked to SSR markers on 2A chromosome and 2D chromosome, and the nearest genetic distances was 9cM between SSR marker gwm372 and a sb gene on 2A chromosome. However, they could not be efficiently used in our selection of NILs with sb genes. This could be due to genetic recombination between sb genes and SSR markers during the NILs development.
Agronomic Characters of the NILs Carrying Different sb Combinations
The entries were planted in the field and the agronomic data were shown in Table 1 . After successive backcrosses, the four NILs were no significant differences in plant height in either year (P>0.05). The development stages of the four NILs with different sb combinations were very similar one another, but they had their respective characteristics.
Among the four NILs, in the days to heading, the four NILs comprised between 190.2-192.8 days and 181.3-183.8 days in 2009 and 2010 respectively. SR1 was significantly different with DD (P<0.01) in the two growing seasons, and it was after 2.6 days and 2.5 days off in 2009 and 2010 respectively. In days to anthesis, SR1 was after 2.2 days and 1.7 days off in 2009 and 2010 respectively compared with DD. The duration of SR2 www.ccsenet.org/jas Journal of Agricultural Science Vol. 4, No. 8; 2012 was longer in the days to heading, shorter in the days to anthesis than DD, but none of these differences reached the significant levels (P>0.05). This might indicate that sb1 and sb2 had different influences on the days to heading and the days to anthesis. DR was also longer than DD and SR2 in the days to heading and the days to anthesis. For the days to maturate, DR was significantly longer than any other three near-isogenic counterparts (P<0.01), but there were no significant differences among the other three NIls (P>0.05). The duration of the development stages depends on genotype and environment. Different genotypes have different photoperiod sensitivity, vernalisation properties which regulating the time from sowing to anthesis (Flood et al., 1984) . Many tillage methods, such as crop rotation (Verhulst et al., 2011) , early sowing (Gbmez-Macpherson et al., 1997) , plant growth regulators (Biesaga-Koscielniak et al., 2010) , and fertilizer (Oscarson et al., 1995) also had effects on the development stages. Some genes and QTLs related with development stages have been obtained in wheat. Three major genes in wheat vernalisation pathway have been cloned: VRN1 (Yan et al. 2003) , VRN2 (Yan et al. 2004) , and VRN3 (Yan et al. 2006) , and they had effects of the reproductive development in wheat. Chen et al. (2010) reported that three major QTLs were found to control variation in developmental process, and each of them was tightly associated with a known flowering gene. The roles of sb1 or sb2 on reproductive development stages deserve further research.
In addition, it was not surprised that the four NILs were near to Taishan, and significantly different with Fen33 on the development stages. Fen33 was significantly later than Taishan in all the investigated development stages. Among the investigated developmental stages, the days to heading for fen33 in 2009 test was most close to that of Taishan, and it was later for 6.9 days. The differences could be due to their original cultivation zones. Fen33 was planted in Northwestern wheat zone in China, and Taishan was suitable to be cultivated in Huanghuai wheat zone, although both of them were winter wheat.
Spike Characters of NILs Carrying Different sb Combinations
The six entries in this experiment could be divided into two categories by their spike types, namely normal spike and branched spike. SR1, SR2, DD and Taishan had normal spike, and DR and fen33 had branched spike. The results of spike characters of the entries were shown in Table 2 . Among the four NILs, the spikes of DD, SR1 and SR2 looked very similar and to that of Taishan, except that Taishan had a slightly more compact head. In two growing seasons, the grain number of SR1 and SR2 reduced significantly compared with DD (P<0.05). SR2 reduced much more than SR1. Compared with DR, the grain number per spike in SR2 was decreased by 9.84% and 11.03% in 2009 and 2010 respectively, and that in SR1 www.ccsenet.org/jas Journal of Agricultural Science Vol. 4, No. 8; 2012 decreased only by 1.75% and 4.93% in corresponding year. The reduction in grain number per spike might be due to the decrease in fertile floret. Compared with DD, the number of fertile floret in SR2 reduced significantly (P<0.01) in both growing years, ant they were decreased by 6.72% and 7.67% in 2009 and 2010 respectively. However, the number of fertile floret in SR1 did not change markedly. In 2009 growing year, SR1 increased by 1.40% in fertile floret.
In grain weight, a single degree of freedom comparison between DD and SR1 and SR2 as a group was significant in 2010 (P<0.05) but not significant in 2009 (P>0.05). There were no significant differences between SR1 and SR2 (P>0.05) in both growing years. The grain weight in SR1 and SR2 was slightly higher than that of DD. It seemed that sb1 or sb2 might have no detrimental effects on the grain weight. That indicated that the lower grain weight of DR could not be due to the role of sb1 or sb2, could be due to the interaction of sb1 and sb2, which resulted in the branched spike and more grains in a spike. Poor grain weight in branched spike might be resulted from other factors, such as little nutrition, or compact of grain in a spike during development.
DR had distinctly different spike type with other near-isogenic counterparts. DR was significantly different with them in all the investigated spike characters. Compared with all the three normal spike NILs, it had significantly higher grain number, spikelet and fertile floweret, but lower grain set and grain weight (P<0.01) ( Table 2 ).
Grain yield per plant in DR was significantly higher than that in DD，the grain yield increased 6.45% and 2.69% in 2008 and 2009 respectively. The grain yields in DR were not stable between the two growing years. In past research, it had been demonstrated that the spike morphological characters in branched spike wheat were easily affected by environmental factors, and this was one of the main causes restricting its wide application. Grain yield per plant in SR1 and SR2 was significantly lower than that in DD (P<0.01). This was because that SR1 and SR2 had lower spike number per plant.
DR has common traits with fen33 in spike characters. Compared with normal spike lines, they had higher grain number, spikelet and fertile floweret, but lower grain set and grain weight (Table 2 ). There were significant differences in these four spike characters between DR and Fen33. The grains, spikelets and fertile florets per spike in DR were significantly reduced compared with those in Fen33 (P<0.01), this could be due to the number of branching rachides was reduced in DR. The spike morphology changes greatly in branched spike wheat, especially the number and length of branched rachides. In order to efficiently use this kind of new spike type wheat, wheat lines with more coordinate spike components should be selected in breeding program.
Wheat spike characters could be affected by many factors. Extensive research had early been focused on the grain number, fertile floret number, spikelet number, grain set and grain weight in normal spike wheat. For the set of NILs in this research, sb2 seemed to have great effects on the fertile floret number. It has been reported that the number of fertile florets in wheat was affected by photoperiod sensitivity genes Ppd-D1 and Ppd-B1 in pre-anthesis development (Gonzalez1 et al., 2005) and then it could affected other grain characters. Although sb1 also had impacts on some spike characters, it had fewer impacts than sb2 on the fertile floret number. Up to now, many genes involving spike characters have been determined in wheat. Two putative cytokinin oxidase genes were reported to be related to grain number per spike in wheat (Zhang et al., 2011) , An earliness per se locus Eps-Am1 affecting spikelet number in diploid wheat had been located on the distal region of T. monococcum chromosome 1A m L (Lewis et al., 2008) . In addition, the new type of spike morphology, branched spike, was produced from the interaction of sb1 and sb2. This kind of branched inflorescence generally was produced from ectopic SAM (shoot apical meristem) (Danilevskaya et al., 2010) ，and sb1 and sb2 might be synergistically involved in the formation of ectopic SAM in wheat young spike. The distinct roles of sb1 or sb2 and their combined roles also deserve to be studied more deeply.
Conclusion
This research showed that both sb1 and sb2 have effects of agronomic and spike characters. sb1 has greater influences on the days to heading and days to anthesis and sb2 has fewer influences on these two development stages. sb2 decreased grain number in a spike by reducing the fertile floret and sb1 has fewer influences on fertile floret number. The combined action of sb1 and sb2 changes normal spike into branched spike. Furthermore, the duration of the days to maturate and all the investigated spike characters in this new spike changed greatly compared with normal spike. As many genes were involved in development stages and spike characters in wheat, more research should be deeply conducted on the roles of sb1 and sb2 in this new kind of spike (2009ZX08002-017B). Many thanks to the graduated and in-reading students from Agronomy College, Shandong Agricultural University taking part in much work in the fields. Great thanks also to wheat breeder Professor Shao Zixing in Agricultural Science College of Taian, who kindly provided the original wheat materials in this research.
